Abstract
Introduction
The twin roll strip-casting process belongs to a new generation of casting processes, the called near-netshape processes. The twin roll strip-casting process was first conceived by Henry Bessemer in the middle of last century [1] and [2] . A twin roll casting process is essentially a two rolling mill equipped with three main control loops: the molten steel level control loop, the roll gap control loop, and the force control loop. The molten steel level is considered the most critical to the production of high quality steel strips. In [3] an adaptive fuzzy controller for the molten steel level in a strip-casting process is proposed. They use the inflow as the control input. However, the feeding of the molten steel into the pool formed between the two rotating rolls is a source of disturbance in the molten steel level. The steel level fluctuations may be reduced by adding an intermediary tundish submerse into the pool and using the roll rotation speed as the control input [5] .
A pilot strip-caster plant installed at IPT São Paulo is shown in Figure 1 . The main control units are the mill drive, the cooling and the coiler control units [5] .
The present work is organized as follows. In Section 2 the strip-caster model for molten steel level control is described. Section 3 presents the control strategy for the molten steel level. In Section 4 results of simulation are presented and Section 5 concludes the paper. 
Molten Steel Level Model for Control
The molten steel level system may be described as a nonlinear system based on the continuity equation of the steel flow and on the Bernoulli equation. Several types of disturbances and uncertainties may occur in the molten steel level system such as inflow change and roll eccentricity [3] . Figure 2 shows the geometry of the mill drive unit. Following, we present a description of the molten steel level system.
The dynamic model of the input and output flow in the mill drive is described as
where V is the volume of the molten steel formed between the rolls; Q 0 the output flow from the rolls and Q i the inflow from an intermediary tundish. The volume V is SL 2
with S the shaded area showed in Figure 2 and L the roll length. The area S can be calculated as
with R the cylinder radius; x g the roll gap and y the level height in [0 R].
Using (2) we may write
and this yields Figure 2 . Schematic of the steel level control unit.
Nonlinear Molten Steel Level Control
The molten steel level may be regulated using as control input the gap between the rolls g x , the inflow Q i or the roll rotation speed r v . However, the gap g x and the inflow Q i are regulated variables due to the system constraints. Therefore, here the molten steel level control is pursued by choosing the roll rotation speed r v as the control input and including an inner control loop for the speed regulation of a DC motor used in the roll driving. The purpose of the inner control loop is to avoid abrupt changes in the DC motor speed. The molten steel level control configuration diagram is shown in Figure 3 . In this section the method of feedback linearization with compensation for modeling errors is used to regulate the molten steel level at the desired value y d [6] . In the method of feedback linearization, the nonlinearities in a nonlinear system are canceled to yield a closed-loop linear system. The compensation for modeling errors is accomplished by including a fuzzy control law.
Feedback Linearization Control Strategy
Assuming in (4) 
where K p is a design parameter. The error
, is thus given by
as substituting 
Then, e → 0 as t → ∞ when 0 K p > . However, as 
From now on we drop the y in all the functions of y.
Fuzzy Controller
In order to compensate for modeling errors in the strip-caster system, an additional fuzzy control law . The final control law may be thus described as ( )
where
The fuzzy logic system used in this paper may be formulated using the Mamdani's Method, that has been successfully applied to a variety of industrial processes and consumer products or the Takagi and Sugeno's Method that has been successfully applied to many practical problems [7] .
Mamdani's Method:
This fuzzy logic system uses the singleton fuzzifier, the center average defuzzifier, the product inference rule and a fuzzy rule base that consists of a collection of fuzzy IF-THEN rules of the following form linguistic rules. The schematic fuzzy logic system adopted is presented in Figure 4 . This fuzzy system considered rules whose IF part is fuzzy but whose THEN part is crisp -the output is a linear combination of input system. In [9] is presented the constructing of the local linear models for fuzzy system Takagi and Sugeno.
Assuming Replacing (9) in (4) we have
(12)
The stability of the closed loop system can be analyzed using a Lyapunov function candidate of the form It can be showed that the closed loop stability can Q is the same we can write
Thus, the derivative of V can be made definite negative by choosing appropriately p K since M is bounded due to the system geometry constraints.
Simulation Results
In this section, results of simulations are presented for a PI controller, a feedback linearization controller and a feedback linearization controller with compensation for modeling errors. In the design of the fuzzy control law c u we used seven linguistic rules, r=7 in (10). The input and output membership functions adopted are as in Figure 6 . 10 show the system responses to a step reference for the molten steel level. Inflow Q i and roll speed disturbances as well as model errors are considered in the simulations. In Figure 7 , a 30% inflow Q i disturbance is introduced after 40s. In Figures 8 and 9 results with a feedback linearization controller are presented and compared to the results with a conventional PI for a roll angular speed disturbance of 30% of its operating amplitude and containing up to the third harmonics. In addition, to reflect the roll eccentricity effects in the system modeling, in Figures 10 and 11 we present results for a gap disturbance of about 10% around the desired roll gap and containing up to the third harmonics [3] . Note that the simulation results shown in Figures 10 and 11 were obtained without considering the DC motor dynamics when the control inputs are left free to vary. Clearly, the simulation results show the superiority performance of the feedback linearization controller with a fuzzy control law. 
Conclusion
In this work a nonlinear control strategy for the molten steel level for a strip-caster plant installed at the IPT São Paulo is proposed. A feedback linearization controller is applied in order to achieve high performance regulation. The simulation results show the efficiency of the proposed controller as compared to conventional PI controllers. In order to compensate for modeling errors that inevitably occurs in the strip-caster system, an additional fuzzy control term was added to the controller. As expected, with this fuzzy control term, the delivered control input is smooth, showing the superiority performance of the feedback linearization controller with a fuzzy control law.
